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ABSTRACT
Low-load blood flow restriction (LLBFR) training has been shown to elicit greater
increases in muscle hypertrophy and strength compared to traditional low-load training, yet few
studies have compared the effectiveness of different LLBFR protocols. To our knowledge, no
previous study has compared the acute neuromuscular changes induced by two common LLBFR
protocols: 30-15-15-15 repetitions (BFR-75) and four sets of repetitions performed to volitional
failure (BFR-F). Therefore, the purpose of this study was to use surface electromyography
(sEMG) to compare changes in muscle excitation and fatigue during BFR-75 and BFR-F
protocols. Ten women (mean ± SD age = 22 ± 3.5 years) volunteered to participate in this
investigation. Participants performed isokinetic, unilateral, concentric-eccentric, leg extension
muscle actions at 30% maximal voluntary isometric contraction torque with BFR applied at 60%
arterial occlusion pressure using a 12-centimeter-wide cuff. The sEMG amplitude and frequency
values were measured from the rectus femoris muscle during the beginning and end of each set
of exercise and analyzed using separate 2 [condition (BFR-75 and BFR-F)] x 8 [time (B1, E1,
B2, E2, B3, E3, B4, E4)] repeated measures ANOVAs. For sEMG amplitude, there was no
significant 2-way interaction (p = 0.486; ηₚ² = 0.118) or significant main effect for condition (p =
0.617; ηₚ² = 0.038), but there was a significant main effect for time (p < 0.001; ηₚ² = 0.520).
SEMG amplitude increased across time during both protocols (B1 < E1, E2, B3, E3, B4, E4, p ≤
0.001–0.049). For sEMG frequency, there was no significant 2-way interaction (p = 0.847; ηₚ² =
0.064) or significant main effect for condition (p = 0.825; ηₚ² = 0.007), but there was a
significant main effect for time (p = 0.006; ηₚ² = 0.478). SEMG frequency decreased across time
during both protocols (B1 > E1, B2, E2, B3, E3, B4, E4, p = 0.002–0.035). Thus, the
implementation of the BFR-75 and BFR-F protocols elicited comparable neuromuscular
iii

responses that were consistent with fatiguing exercise, but investigators and clinicians may
consider other factors such as participant/patient comfort, time, and rating of perceived exertion
when determining which protocol to use.
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INTRODUCTION
Resistance training utilizes external forces during exercise to elicit positive skeletal
muscle adaptations. To increase muscle hypertrophy and strength, it is traditionally
recommended to train using load sizes ≥60% of the one-repetition maximum (1-RM) (Freitas et
al., 2020). However, research suggests that loads as low as 20–30% 1-RM can lead to muscular
adaptations when combined with a pneumatic cuff that is placed proximally on the exercising
limb to induce venous occlusion (Freitas et al., 2020). Inducing venous and partial arterial
occlusion during exercise is a particular type of training commonly referred to as blood flow
restriction (BFR) or occlusion training. Low-load BFR (LLBFR) training has induced greater
hypertrophy and strength gains compared to low-load non-BFR training, as well as similar
hypertrophy (but not strength) gains as high-load non-BFR training (Bowman et al., 2019;
Centner et al., 2019; Patterson et al., 2019).
The majority of previous BFR studies have focused on comparing a BFR protocol to a
non-BFR protocol, and few studies have investigated the differences between commonly
implemented BFR protocols. A comparison of training protocols warrants further investigation
because it could improve the methodologies for future research, as well as provide insight to
which protocols should be used in different settings. A practical method to compare commonly
implemented BFR protocols is through the use of surface electromyography (sEMG). SEMG is
a technique used to record and quantify motor unit action potentials to assess neuromuscular
function. This technique can be used to compare the effectiveness of various exercise
interventions, including different BFR protocols.
Previous research suggests that BFR training may induce muscle fatigue more quickly
than a matched non-BFR protocol, indicating that BFR training may provide a more efficient
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training option (Gavanda et al., 2020; Kjeldsen et al., 2019). For example, one study found that
doubling the exercise volume for leg extension BFR training did not further increase muscle size
or strength, therefore the authors recommend a 75 repetition protocol over a 150 repetition
protocol (Martín-Hernández et al., 2012). The current literature is lacking in studies that
compare the effects of a 75 repetition BFR protocol (BFR-75) to a commonly used BFR protocol
involving four sets of repetitions to muscle failure (BFR-F). Hence, the purpose of this
investigation was to use sEMG to compare muscle excitation and fatigue during BFR-75 and
BFR-F protocols. A previous study demonstrated that low-load (30% 1-RM) training elicited
similar changes in sEMG amplitude when three sets of exercise were performed either to muscle
failure or to voluntary volitional interruption (non-failure condition) without BFR (Nóbrega et
al., 2018), and BFR training has been shown to increase sEMG amplitude earlier in exercise
compared to non-BFR training (Farup et al., 2015). Based on previous investigations (Farup et
al., 2015; Nóbrega et al., 2018), we hypothesized that there would be no difference in
neuromuscular responses between BFR-75 and BFR-F protocols.
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LITERATURE REVIEW
Blood Flow Restriction Training
Effects of Blood Flow Restriction Training on Muscular Adaptations
Conventionally, training with exercise loads greater than or equal to 60% 1-RM is
recommended when aiming to increase muscle hypertrophy and strength, but with the addition of
BFR, loads as low as 20–30% 1-RM can improve muscular fitness (Freitas et al., 2020).
Increases in strength are generally mediated by both neural adaptations and hypertrophy (Centner
et al., 2019). Current literature suggests that BFR training works primarily through hypertrophic
gains. Studies show that compared to high-load (HL) training, LLBFR training is equally as
effective at inducing hypertrophy but not strength gains (Centner et al., 2019; Patterson et al.,
2019). A meta-analysis examining the effects of LLBFR versus HL non-BFR training found that
LLBFR and HL training produce similar increases in muscle mass (6.2 ± 5.1% for LLBFR, 4.2 ±
4.2% for HL), but HL training results in significantly greater increases in strength (14.4 ± 6.3%
for LLBFR, 24.0 ± 16.2% for HL) (Centner et al., 2019). While the strength gains from LLBFR
training do not match those of HL training, LLBFR is still more effective than low-load training
alone (Bowman et al., 2019; Patterson et al., 2019). For example, one study found that a LL
non-BFR protocol elicited a 2.3 ± 1.6% increase in thigh circumference after six weeks of leg
extension exercise, while the limb using a LLBFR protocol showed a 3.5 ± 2.1% increase
(Bowman et al., 2019). Furthermore, the BFR limb showed greater improvements in leg
extension strength: total work increased by 8 ± 11% for non-BFR versus 15 ± 18% for BFR,
peak torque increased 8 ± 9% for non-BFR versus 11 ± 13% for BFR, and power increased 5 ±
13% for non-BFR versus 12 ± 13% for the BFR limb (Bowman et al., 2019).
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Mechanisms Behind Muscular Adaptations
Although the effectiveness of BFR training is well documented, uncertainty still exists
regarding the exact mechanisms it uses to promote muscular adaptations. A variety of possible
mechanisms by which BFR works are proposed in the literature: recruitment of more fast-twitch
muscle fibers, production of reactive oxygen species, swelling of myocytes, hormone production
(including growth hormone), altered anabolic responses due to pH changes, and increased mTOR
signaling, among others (Centner et al., 2019; Hill et al., 2018; Hill et al., 2019; Hughes et al.,
2017; Loenneke et al., 2012). High mechanical tension during exercise induces hypertrophy and
strength, but this is likely not the primary mechanism facilitating muscle growth during low-load
training that induces metabolic stress. Gavanda et al. explain that performing a high number of
repetitions using low loads causes metabolites to accumulate, and this accumulation occurs faster
when venous blood is confined in the area by the BFR cuff (2020). Venous pooling decreases
the amount of arterial blood that can enter the area, leading to local hypoxia. This hypoxic
environment may lead to an anabolic state, and venous occlusion concentrates anabolic factors in
the limb, promoting the factors’ entry into muscle cells (Bowman et al., 2019). The cells swell,
and protein synthesis is favored while proteolysis is inhibited (Bowman et al., 2019). Verifying
the specific ways by which BFR training produces muscular adaptations requires further study.
Traditionally, strength gains from resistance training are explained largely by neural
adaptations, while muscle hypertrophy becomes predominate during the later phases (>2 weeks)
of resistance training (Hill et al., 2018; Loenneke et al., 2012). Interestingly, adaptations from
LLBFR training appear to occur in the opposite order (Loenneke et al., 2012). For example,
LLBFR training has resulted in muscle hypertrophy in as early as 1–3 weeks (Hill et al., 2018;
Hill et al., 2019; Hill et al., 2021; Patterson et al., 2019). A study by Hill et al. examined early
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adaptations in biceps brachii muscle strength and hypertrophy from LLBFR forearm flexionextension exercise performed at 30% peak torque with 40% arterial occlusion pressure
(2018). In this study, biceps brachii sEMG amplitude did not change from baseline to four
weeks of training or between the different types of exercise (eccentric LLBFR, concentric
LLBFR, and control) (Hill et al., 2018). There were also no real changes in electrical efficiency,
which relates muscle activation to force production (Hill et al., 2018). For these reasons, the
results of this study demonstrate that early increases in upper extremity strength as a result of
LLBFR training are attributed to hypertrophy, not neural adaptations (Hill et al., 2018). In
another study, four weeks of LLBFR forearm flexion-extension exercise resulted in increased
muscle thickness by 17.4% with no change in echo intensity, suggesting that the increase in
thickness is not a result of edema induced by resistance training (Hill et al., 2021).
Blood Flow Restriction Training Protocols
Most commonly, LLBFR training involves performing either 75 repetitions or 3–5 sets to
volitional failure (Loenneke et al., 2012; Patterson et al., 2019). BFR cuff pressure may be set
either to a relative value that achieves a certain percent of arterial occlusion pressure (AOP) in
each participant or set to an absolute pressure to be used for all participants. Both lead to the
positive muscular adaptations associated with BFR training, but the absolute pressure method
tends to be more uncomfortable for participants (Patterson et al., 2019). When using a relative
pressure, the range that is effective is 40–80% of the AOP (Patterson et al., 2019). When using
load sizes as low as 20% 1-RM, Reis et al. suggest using cuff pressures greater than 40% AOP,
but the authors found evidence that a pressure of 80% AOP does not have a greater impact on
microvascular deoxygenation than a pressure of 60% AOP (2019).
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Applications of Blood Flow Restriction Training
The current literature indicates that BFR is a safe training option. Two common safety
concerns are rhabdomyolysis and venous thromboembolism, but studies show that BFR does not
raise the risk for these complications more than traditional non-BFR exercise (Bowman et al.,
2019; Patterson et al., 2019). For its safety and effectiveness, BFR is a promising tool for
rehabilitation. The load size typically recommended for inducing improvements in muscle size
and strength (60% 1-RM) is often not feasible in clinical populations with musculoskeletal
conditions. Due to pain and functional limitations, clinical populations must often use lower
loads, but unfortunately this turns rehabilitation into a longer, less efficient process. However,
since LLBFR training results in comparable hypertrophy gains to HL training, LLBFR may be
used to combat disuse atrophy in patients to whom HL training is not recommended (Patterson et
al., 2019). A study by Ladlow et al. demonstrated that three weeks of twice a day LLBFR
training using 30% 1-RM and 60% limb occlusion pressure can be safely implemented to
increase muscle function, hypertrophy, and strength for patients with lower limb injuries in an
inpatient setting (2018). Lower extremity conditions like patellofemoral pain, osteoarthritis, and
tendinopathies, as well as postsurgical compromises from procedures like ACL reconstructions
and knee arthroscopies, may be considered contraindications for HL training, depending on their
timing and severity (Bowman et al., 2019). If a medical provider says LL training is safe while
HL training is not, patients may combine LL training with BFR to produce greater strength and
hypertrophy results (Bowman et al., 2019).
HL training becomes increasingly difficult to perform as we age due to factors (such as
loss in bone density) that make it harder for bones and joints to bear high mechanical stress, yet
maintaining muscle mass and strength is extremely important in older populations (Centner et
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al., 2019). Age-related muscle loss (sarcopenia) can lead to more falls, osteoarthritis, less
postural control, and a lower ability to maintain independence, and it is positively correlated with
risk for cardiometabolic disease and overall mortality (Centner et al., 2019; Hughes et al.,
2017). Muscle atrophy is also a concern among numerous other populations including
astronauts, since muscle atrophy can result from prolonged exposure to microgravity. Currently,
astronauts rely on the Advanced Resistive Exercise Device for strength training, but BFR
training may serve as a cheaper and lower-maintenance, yet effective, alternative.
Electromyography
Fundamentals of Electromyography
Surface electromyography (sEMG) is a non-invasive technique commonly used in both
research and clinical settings to assess neuromuscular function. An electrical current is recorded
using surface electrodes that reflects motor unit action potentials, the superimposed results of
signals from all muscle fibers in that motor unit. EMG data provides information about muscle
excitation, which leads to muscle activation (Vigotsky et al., 2018). The nervous system can
increase the force produced by a muscle either by recruiting more motor units or increasing the
rate at which recruited motor units fire (Vigotsky et al., 2018). The relative contribution of
motor unit recruitment and firing rate changes as the force of muscle contraction increases: up to
force levels of 30% maximum voluntary contraction, motor unit recruitment is the primary
contributor (spatial recruitment), and at force levels greater than 30% maximum voluntary
contraction firing rate becomes the dominant factor (temporal recruitment) (De Luca, 1979).
Information Provided by Electromyography Data
A positive correlation between sEMG amplitude and muscle strength has been observed
(Watanabe et al., 2018), but researchers should be cautious and consider other contributing
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factors when using acute sEMG results to predict long-term muscle adaptions (Vigotsky et al.,
2018). A study by Watanabe et al. found that sEMG amplitude, along with muscle thickness,
was significantly associated with and a determinant of maximal voluntary contraction torque
during leg extension muscle actions (2018). When examining the same muscle within the same
subject, sEMG data may be used to compare force production during different exercises
(Vigotsky et al., 2018). In addition, Andersen et al. sought to examine the relationship between
muscle activation and perceived exertion during lateral raises, wrist extensions, and external
rotation exercises using dumbbells and elastic tubing (2010). They found a moderate to very
strong relationship (rs = 0.59–0.92) between both actual and perceived loading and sEMG
activity (Andersen et al., 2010). It has been suggested that muscle activation measured by sEMG
can estimate the intensity of a training session, meaning how close the exercise was to maximal
voluntary effort, but this relationship is only qualitative (Andersen et al., 2010; Turker, 2013).
The efficiency of electrical activity can be determined by plotting sEMG amplitude
versus torque, then examining slope to understand the relative contributions of neural adaptations
and muscle hypertrophy towards increases in strength that result from resistance training (Hill et
al., 2019). Hill et al. studied the sEMG amplitude versus torque relationship in the biceps brachii
muscle resulting from four weeks of BFR training (2019). The data shows a significant decrease
in the relationship between mean sEMG amplitude and torque (50.70 ± 20.41 µV·Nm⁻¹ at zero
weeks, 43.82 ± 17.76 µV·Nm⁻¹ at four weeks), along with a significant increase in mean muscle
cross sectional area as a result of training (5.86 ± 0.65 cm² at zero weeks, 7.42 ± 0.80 cm² at four
weeks), aligning with the efficiency of electrical activity explanation for the relationship between
neural adaptations, hypertrophy, and torque over time (Hill et al., 2019). While this relationship
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was significant for the mean values of the group data, this was not the case for each individual
participant (Hill et al., 2019).
Although previous studies have found sEMG data to be associated with muscle strength
and training intensity (Turker, 2013; Vigotsky et al., 2018; Watanabe et al., 2018) further
supporting research is necessary before conclusions should be drawn based on these
relationships. Furthermore, although muscle excitation leads to muscle activation, sEMG does
not measure activation directly, so it is recommended to use the term “excitation” over
“activation” when discussing sEMG amplitude (Turker, 2013). Data from sEMG can provide
useful information for acute within-subject, within-muscle comparisons, as well as betweensubject, within-muscle comparisons when the sample is homogenous (Vigotsky et al., 2018).
When comparing sEMG data between subjects, data for each subject should first be normalized
to a reference value (McManus et al., 2020).
Fatigue can be measured by shifts in sEMG frequency and amplitude values. While
some researchers define fatigue as a particular point in which the muscle fails to maintain a
certain force, muscle fatigue can also be used to describe the decreased ability to produce force,
which begins at the beginning of exercise and gradually increases until the failure point (Ng et
al., 1997). Therefore, sEMG can be used to measure fatigue over time, and training to failure is
not required in order to know that the desired fatigue point has been reached (Ng et al.,
1997). Frequency of sEMG signals decrease with fatigue as a result of slower muscle fiber
conduction velocity (the rate at which action potentials are transmitted) possibly caused by
decreased intramuscular pH, along with changes in synchronization and firing rate of motor units
over the course of exercise (Ng et al., 1997). Additionally, sEMG amplitude will increase as
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fatigue increases, since new motor units are recruited to assist those recruited early on (Ng et al.,
1997).
Electromyographic Responses to Blood Flow Restriction Training
Kjeldsen et al. did not find significant post-training differences in sEMG amplitude
between BFR and non-BFR protocols, however, they did observe differences in the data
collected while the exercise was being performed (2019). Both protocols involved concentriceccentric dorsiflexion contractions using a resistance band, and the BFR cuff was set to a
pressure equal to systolic blood pressure (Kjeldsen et al., 2019). In this study, sEMG amplitude
was higher for the BFR condition compared to the non-BFR condition during the last 20
contractions of the protocol; the contraction block and training condition showed a significant
interaction effect (p = 0.009) (Kjeldsen et al., 2019). It is possible that as training proceeds,
contractions with BFR require higher voluntary activation (indicated by higher sEMG amplitude)
for the same contraction force than is needed when training without BFR (Kjeldsen et al.,
2019). According to these results, BFR training may be used to fatigue the muscle more
efficiently, which is supported by the participants’ self-reports stating that the BFR protocol was
more difficult and fatiguing than the matched protocol without BFR (Kjeldsen et al.,
2019). Increased sEMG signal amplitude during exercise as a result of peripheral fatigue
suggests that BFR allows for a higher intensity workout without significantly changing the motor
units post-exercise (Kjeldsen et al., 2019). In a study where trained males completed four sets of
calf raises at 30% 1-RM to concentric muscle failure, significantly less repetitions were required
until failure was reached when the protocol included BFR, further indicating that the addition of
BFR could make resistance training more efficient (Gavanda et al., 2020).
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Importance of Research
BFR training is gaining popularity both in research and in practice, and it most
commonly involves 75 repetitions divided into sets of 30-15-15-15, or 3-5 sets to muscle failure
(Loenneke et al., 2012; Patterson et al., 2019). Despite the frequent use of these protocols, there
is a dearth of research that compares them directly. One study compared a 75 repetition BFR
protocol to a 150 repetition BFR protocol for leg extension muscle actions, both using a load size
of 20% 1-RM and a cuff pressure of 110 mmHg (Martín-Hernández et al., 2012). The authors
found that strength increased similarly in both groups after five weeks of training (MartínHernández et al., 2012). Specifically, mean 1-RM increased 7.03% (d = 0.48, p < 0.05)
compared to baseline for the 75 repetition protocol, and 6.24% (d = 0.29, p < 0.05) for the 150
repetition protocol (Martín-Hernández et al., 2012). In addition, there was no significant
between-group difference in muscle thickness at baseline or after the training session (MartínHernández et al., 2012). The authors concluded that since doubling the volume of BFR training
does not further increase muscle size or strength, the 75 repetition protocol is recommended in
order to save time and effort (Martín-Hernández et al., 2012). Current literature suggests that
training to failure may be unnecessary in order to reap the benefits of BFR training, but experts
state that more research is needed in this area (Patterson et al., 2019).
Training to failure, though popular, comes with risks such as overtraining,
musculoskeletal injury caused by compromised form, and slower recovery (Nóbrega and Cleiton,
2016). Therefore, it is crucial to determine if training to failure is significantly more effective
than training with submaximal efforts. According to the literature, training to failure is not
necessary to achieve maximal muscular adaptations in untrained individuals (Nóbrega and
Cleiton, 2016). However, very few studies investigate if this holds true for LLBFR training. No

11

previous studies have used sEMG to compare muscle excitation and fatigue during leg extension
muscle actions using BFR-75 and BFR-F LLBFR protocols. Investigating these differences can
help guide decision making concerning which LLBFR protocol to use in future research and
clinical applications.
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METHODS
Participants
Eleven women volunteered to participate in this investigation. SEMG data was not
successfully recorded for one of the participants due to technological issues on the training day,
therefore the data from the remaining ten participants was included in this study (n = 10; mean ±
SD age = 22 ± 3.5 years; body mass = 72.5 ± 14.2 kg; height = 163.1 ± 3.6 cm). All participants
were recreationally active, meaning they participated in at least 30 minutes of moderate intensity
aerobic physical activity for five days per week (Physical Activity Guidelines Resources, n.d.),
but had not actively participated in resistance training within the past six months. Participants
completed a health history questionnaire as part of a prescreening process before joining the
study. Exclusion criteria for this study included muscular, metabolic, pulmonary, and
cardiovascular risks, as well as if the participant takes supplements or eats a calorie restrictive
diet. Participants were encouraged to continue their current sleep, diet, and exercise habits
throughout the duration of the study. The protocol approval was granted by the University
Institutional Review Board for Human Subjects and all participants provided written informed
consent prior to participating in the study.
Experimental Design
This investigation was designed as a crossover study where each participant performed
both protocols, one leg being randomly assigned to each condition. The BFR-75 protocol
consisted of 30-15-15-15 repetitions of reciprocal knee flexion-extension isokinetic muscle
actions with 30 seconds of rest between each of the four sets. The BFR-F protocol consisted of
four sets of reciprocal knee flexion-extension isokinetic muscle actions continued until volitional
failure with 30 seconds of rest between sets. The reciprocal concentric knee flexion-extension
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muscle actions were performed at 30% maximal voluntary isometric contraction (MVIC) peak
torque that was tracked in real time on a computer display. All isokinetic muscle actions were
performed through a 90° range of motion at a velocity of 120° s-1 on a calibrated Biodex System
3 isokinetic dynamometer (Biodex Medical Systems, Inc., Shirly, New York, US). A Hokanson
rapid cuff inflator device (Hokanson Inc., Belleview, Washington, US) was used to apply blood
flow restriction with a 12-centimeter-wide cuff applied at 60% of the arterial occlusion
pressure. Surface EMG of the rectus femoris was recorded across both the BFR-75 and BFR-F
protocols.
Procedures
Training Protocol
Participants performed a standardized warm-up (five minutes on a stationary bicycle)
then performed three maximal concentric leg extension muscle actions at 120° s-1 in order to
determine MVIC peak torque. Then the BFR cuff was applied to the exercising limb and
participants performed either 75 repetitions or four sets to failure as outlined in the
protocols. The BFR cuff was applied to the most proximal region of the leg possible
immediately before training began and was removed immediately after the fourth set. Cuff
pressure was set to 60% of the lowest pressure that completely occluded blood flow as assessed
from the posterior tibial artery. Ultrasound imaging was used to visualize arterial occlusion, and
the cuff was intermittently inflated/deflated until the appropriate pressure was reached.
Electromyography Measurements
Surface electrodes for the rectus femoris muscle were positioned at the midpoint from the
spina iliaca anterior superior to the superior part of the patella according to SENIAM guidelines
(Sensor Locations, n.d.). The knee flexion and extension muscle actions were performed over a

14

90° motion, 0° being complete knee extension and 90° being knee flexion. Raw sEMG data was
stored on a password-protected computer in the lab and digitized at 2,000 Hz using a 32-bit
analog-to-digital converter (Model MP150, Biopac Systems, Inc., Santa Barbara, California,
US). A differential amplifier (EMG 100, Biopac Systems, Inc., Santa Barbara, California, US)
with a common mode rejection ratio 110 dB min and impedance 2M Ω was used to amplify
sEMG signals (x1000 gain). The sEMG signals were digitally bandpass filtered (fourth-order
Butterworth, zero-phase shift) at 10–500 Hz. SEMG values were normalized to the first
repetition of the exercise bout and expressed as a percent change from the initial repetition of
each protocol. Custom written software (LabVIEW 2020, National Instruments, Austin, Texas,
US) was used offline to determine the sEMG amplitude (µVrms) and mean power frequency
(Hz) during the concentric muscle action. SEMG amplitude and frequency values for the
beginning and end of each set of exercise were used in data analysis. The sEMG values used to
represent the beginning and end of each set were the mean value for the first three repetitions
(including the first repetition used to normalize other repetitions in the exercise bout) and the last
three repetitions of the set, respectively. Beginning of the set is denoted as “B#” and end of the
set is denoted as “E#”, where “#” indicates set number.
Statistical Analysis
Two-way, repeated measures ANOVAs 2 [condition (BFR-75 and BFR-F)] x 8 [time
(B1, E1, B2, E2, B3, E3, B4, E4)] were used to compare the effects of the protocols on sEMG
amplitude and frequency at the beginning and end of each set of exercise. In addition, a twoway, repeated measures ANOVA 2 [condition (BFR-75 and BFR-F)] x 4 [set (set 1, set 2, set 3,
set 4)] was used to compare the total number of repetitions performed during the protocols.
Mauchly’s test was used to test the assumption of sphericity. Where the assumption of sphericity
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was not met, the Greenhouse-Geisser correction was used to adjust the degrees of
freedom. Significant interactions were decomposed using one-way, repeated measures
ANOVAs and paired sample t-tests. Tukey’s correction was used to adjust for multiple
comparisons. In addition, polynomial regression analyses (first, second, and third order) were
performed in order to determine the best-fit model for the changes in sEMG amplitude across the
repetitions of the first set for both BFR-75 and BFR-F. All statistical analyses were performed
using the IBM SPSS v. 27 statistical software platform (Armonk, NY) at an alpha p ≤ 0.05 being
considered significant for all analyses.
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RESULTS
Figure 1: Changes in sEMG Amplitude During the BFR-75 (Green) and BFR-F (Blue) Protocols*

Figure 2: Changes in sEMG Frequency During the BFR-75 (Green) and BFR-F (Blue) Protocols*

*Figures 1 and 2 show the sEMG responses during each condition, although there was no significant main effect for
condition.
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Table 1: sEMG Amplitude Across the BFR-75 and BFR-F Protocols

All data is expressed as mean ± SD% of the first repetition for surface electromyographic (sEMG) amplitude.

Surface Electromyographic Signal Amplitude
There was no significant (p = 0.486; ηp2 = 0.118) 2-way interaction for sEMG amplitude
and there was no significant main effect for condition (p = 0.617; ηp2 = 0.038). There was,
however, a significant main effect for time (p < 0.001; ηp2 = 0.520). Specifically, collapsed
across condition, sEMG amplitude increased across the bouts of exercise (B1 < E1, E2, B3, E3,
B4, E4, p ≤ 0.001–0.049). There were additional increases in amplitude throughout training (B2
< E2, E3, B4, E4, p = 0.019–0.030; B3 < E3, E4, p = 0.008–0.044). Decreases in amplitude
occurred between some of the sets (E1 > B2, B3, p = 0.002–0.027).
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Table 2: Patterns of sEMG Amplitude Responses Across the First Set for BFR-75 and BFR-F Protocols

The correlation coefficient for the linear model was provided where there was a non-significant relationship.
**p < 0.01, *p < 0.05

Patterns of Responses
For the individual sEMG amplitude versus repetitions across the first set of the BFR-75
protocol, there was a significant linear increase for one participant, significant cubic increases for
eight participants, and no significant relationship for one of the 10 participants (Table 2). For the
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composite sEMG amplitude versus repetitions, there was a significant cubic increase for the
BFR-75 protocol (Table 2).
For the individual sEMG amplitude versus repetitions across the first set of the BFR-F
protocol, there were significant cubic increases for four participants, and no significant
relationship for six of the 10 participants (Table 2). For the composite sEMG amplitude versus
repetitions, there was a significant cubic increase for the BFR-F protocol (Table 2).

Table 3: sEMG Frequency Across the BFR-75 and BFR-F Protocols

All data is expressed as mean ± SD% of the first repetition for surface electromyographic (sEMG) frequency.

Surface Electromyographic Signal Frequency
There was no significant (p = 0.847; ηp2 = 0.064) 2-way interaction for sEMG frequency
and there was no significant main effect for condition (p = 0.825; ηp2 = 0.007), but there was a
significant main effect for time (p = 0.006; ηp2 = 0.478). Collapsed across condition, sEMG
frequency decreased from the start of the exercise bout to all subsequent time points (B1 > E1,
B2, E2, B3, E3, B4, E4, p = 0.002–0.035). An additional decrease in sEMG frequency occurred
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during training (B2 > E2, p = 0.004). There was an increase in sEMG frequency between two
time points (E2 < B3, p = 0.004).
Total Repetitions Performed
There was a significant (p < 0.001; ηp2 = 0.450) 2-way interaction for total repetitions
completed and a significant main effect for set (p < 0.001; ηp2 = 0.824), but there was not a
significant main effect for condition (p = 0.306; ηp2 = 0.104). Specifically, there was a
significant difference in the mean number of repetitions performed during the second set of the
BFR-75 (14.6 ± 1.2 repetitions) and BFR-F (22.2 ± 9.5 repetitions) protocols (p = 0.024).
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DISCUSSION
The results of the present study indicated that, in general, the BFR-75 and BFR-F
protocols elicited similar changes in sEMG amplitude and frequency over time. Specifically,
sEMG amplitude increased similarly during BFR-75 and BFR-F, while sEMG frequency
decreased similarly during both protocols. Additionally, polynomial regression analyses
showed significant cubic increases for composite sEMG amplitude during the first set of
repetitions for both protocols, with large intersubject variability among the individual
responses. Furthermore, although participants performed more repetitions during the BFR-F
protocol (83.6 ± 31.6 repetitions) compared to the BFR-75 protocol (73.5 ± 3.4 repetitions), this
difference was not statistically significant. While the total number of repetitions was similar, the
distribution of repetitions across sets differed between protocols, with participants completing
significantly more repetitions in the second set during BFR-F (22.2 ± 9.5 repetitions) compared
to BFR-75 (14.6 ± 1.2 repetitions).
In the present study, sEMG amplitude increased similarly over time for both the BFR-75
and BFR-F protocols. The results for BFR-75 contrasted with a previous study where rectus
femoris (RF) sEMG amplitude did not increase across exercise when untrained males completed
a 75 repetition BFR leg extension protocol (Fatela et al., 2016). This study used the same BFR
cuff pressure (60% AOP) and repetition breakdown (30-15-15-15) as the current study, but a
different exercise load (20% 1-RM versus 30% MVIC torque) (Fatela et al., 2016). Like the
current findings, sEMG amplitude increased 175% during leg extension muscle actions (30%
MVC) to volitional failure when they implemented a mean BFR cuff pressure of 280.4 ± 1.2
mmHg in male participants (Pierce et al., 2006). Furthermore, the increase in sEMG amplitude
over time in the present study aligned with the expected myoelectric manifestations of muscle
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fatigue (Chang et al., 2016; Ng et al., 1997; So et al., 2002). Specifically, sEMG amplitude
represents muscle excitation that may increase as additional motor units are recruited in order to
maintain force output during submaximal fatiguing exercise bouts (Chang et al., 2016; Ng et al.,
1997).
There were also similar decreases in sEMG frequency for both the BFR-75 and BFR-F
protocols. These findings were consistent with previous studies (Fatela et al., 2016; Pierce et al.,
2006). For example, 75 repetitions of leg extension muscle actions performed at 20% 1-RM
with an applied cuff pressure of 60% AOP resulted in a 15.2% decrease in RF sEMG median
frequency in untrained males (Fatela et al., 2016). Similarly, there was a 9% decrease in sEMG
median frequency during leg extension muscle actions performed to volitional failure at 30%
MVC with a mean applied cuff pressure of 280.4 ± 1.2 mmHg (Pierce et al., 2006). The
observed decreases in sEMG frequency reflect a slowing in action potential conduction velocity
that is typical of fatiguing exercise (Ng et al., 1997). Slower action potential conduction velocity
may be exacerbated under BFR conditions (Franz et al., 2020; Yanagisawa & Sanomura, 2017).
For example, Suga et al. demonstrated that a LLBFR protocol (30% 1-RM, 130% of systolic
blood pressure) resulted in similar metabolic stress as a HL (65% 1-RM) non-BFR protocol
during two minutes of unilateral plantar flexion muscle actions (Suga et al., 2010). Specifically,
the phosphocreatine concentrations (16.8 ± 4.5 mM for LLBFR, 15.3 ± 5.3 mM for HL),
diprotonated phosphate concentrations (11.4 ± 2.4 mM for LLBFR, 11.8 ± 0.4 mM for HL), and
pH values (6.85 ± 0.07 for LLBFR, 6.85 ± 0.11 for HL) were similar by the end of both
protocols (Suga et al., 2010). In resistance-trained males, unilateral bicep curls with BFR (30%
1-RM, 50% AOP) resulted in a lower venous pH (7.24 ± 0.06 for BFR, 7.31 ± 0.05 for control)
and a greater concentration of venous lactate (7.5 ± 2.7 mmol/L for BFR, 4.3 ± 1.1 mmol/L for
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control) measured immediately after the completion of each exercise session compared to a
control condition (Franz et al., 2020). The buildup of metabolites during fatiguing exercise
includes calcium, potassium, and hydrogen ions (Dimitrova & Dimitrov, 2003; Franz et al.,
2020; Ng et al., 1997). These metabolites reduce calcium ion release from the sarcoplasmic
reticulum and troponin’s affinity for calcium ions (9.4B, 2020). Moreover, increased potassium
ion (K+) concentration in the extracellular environment adversely affects the excitability of
action-potential-producing muscle cells and reduces contractile force (Lindinger & Sjøgaard,
1991). The observed decreases in sEMG frequency reflect a reduction in action potential
conduction velocity, possibly due to a buildup of metabolites.
In this study, there was a significant cubic increase for composite sEMG amplitude
versus repetitions during the first set of exercise for both the BFR-75 and BFR-F
protocols. While no previous studies have examined sEMG amplitude patterns of responses in
the RF muscle during BFR-75 or BFR-F leg extension protocols, these findings were consistent
with previous investigations (Ebersole et al., 2006; Perry-Rana et al., 2002) which found
significant cubic increases for RF sEMG amplitude during leg extension muscle actions without
BFR. For example, RF sEMG amplitude exhibited cubic increases during 50 maximal
concentric leg extension muscle actions performed at 60° s-1, 180° s-1, and 300° s-1 (Ebersole et
al., 2006; Perry-Rana et al., 2002). Our findings in conjunction with previous investigations
(Ebersole et al., 2006; Perry-Rana et al., 2002) were partially consistent with other muscles of
the quadriceps that exhibited quadratic or cubic composite increases following fatiguing
submaximal leg extension muscle actions with or without BFR (Rivera et al., 2021; Smith et al.,
2017). Despite similar cubic increases for both BFR-75 and BFR-F, there was large individual
variability that included non-significant relationships and linear, quadratic, and cubic increases

24

across time (Table 2). Thus, it is recommended to evaluate neuromuscular patterns of responses
on a subject-by-subject basis when the composite patterns may not reflect individual responses to
acute or chronic exercise intervention (Anders et al., 2019).
There were similar increases in sEMG amplitude for both the BFR-75 and BFR-F
protocols from the beginning of set one that remained elevated across most sets despite an initial
decrease from the end of set one to the beginning of set two (p = 0.002). In addition, sEMG
frequency decreased from the beginning of set one and remained depressed at all measured time
points, yet there was an increase in sEMG frequency between the end of set two and the
beginning of set three (p = 0.004). For each protocol, changes in sEMG amplitude and
frequency across sets of exercise are displayed in Figure 1 and Figure 2, respectively. Together,
these findings indicated that there was little to no recovery in neuromuscular function among
some of the 30 second rest intervals for BFR-75 and BFR-F. The present findings were
consistent with the muscular oxygen extraction reported by Reis et al. when using a BFR cuff
pressure of 60% AOP or greater (2019). Specifically, there was no recovery in muscle
oxygenation during 30 seconds of rest between sets of leg extension muscle actions performed at
20% 1-RM utilizing cuff pressures of 60% AOP and 80% AOP (Reis et al., 2019). In addition,
Suga et al. suggest that a continous BFR protocol (pressure applied during exercise and rest) may
further reduce metabolic recovery between sets compared to an intermittent BFR protocol
(pressure applied during exercise only) (2012). Specifically, during plantar flexion muscle
actions, metabolic stress and fast twitch muscle fiber recruitment increased similarly to a HL
(65% 1-RM) non-BFR protocol when using the continous BFR protocol (20% 1-RM, 130% of
systolic blood pressure), but the intermittent BFR protocol did not reach these levels (Suga et al.,
2012). The present findings in conjunction with previous investigations (Reis et al., 2019; Suga
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et al., 2012) indicated that the application of BFR limited recovery between sets of exercise
which may facilitate earlier onset of muscle fatigue.
There was no significant difference in the total number of repetitions completed across all
four sets of the BFR-75 (73.5 ± 3.4 repetitions) and BFR-F protocols (83.6 ± 31.6 repetitions).
The lack of difference in total repetitions completed was an unexpected finding, but also
confirmed the efficacy of BFR to expedite muscle fatigue. Our findings are in agreement with
the results of numerous previous studies (Cerqueira et al., 2019; Cerqueira et al., 2021; Fahs et
al., 2015; Farup et al., 2015; Gavanda et al., 2020) which found that BFR protocols require fewer
repetitions to reach volitional failure compared to matched non-BFR protocols. Our acute
findings were consistent with another study that reported similar chronic changes in muscle
strength and size across eight weeks of a non-failure BFR protocol (where participants
completed 73–81 total repetitions) versus a failure BFR protocol for leg extension muscle actions
(25% 1-RM, 40% AOP) (Sieljacks et al., 2019). Thus, LLBFR training may result in similar
acute and chronic physiological responses when implementing a standard 75 repetition or to
failure design.
Limitations
All participants in this study were untrained females in the age range of 18–31 years
without musculoskeletal compromises. Thus, the results of this study may not be generalizable
to other populations, such as trained or clinical populations. Factors such as diet and sleep
schedule were not controlled for in this study, however, participants were encouraged to refrain
from making any major lifestyle changes during the duration of the study. Furthermore, all
neuromuscular assessments were extracted from the RF exclusively and may not reflect the
totality of fatigue across all muscles of the quadriceps. The present study focused on acute
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neuromuscular responses to the protocols, so future studies are necessary before making
conclusions regarding chronic muscular adaptations.
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CONCLUSION
The BFR-75 and BFR-F protocols (30% MVIC torque, 60% AOP) induced similar
neuromuscular responses across the four sets of unilateral leg extension muscle actions.
Specifically, sEMG amplitude increased across the sets of exercise, while sEMG frequency
decreased. Together, these neuromuscular responses were consistent with myoelectric
manifestations of fatiguing exercise that suggested fatigue-induced increases in motor unit
recruitment, firing rate, and/or synchronization along with decreases in action potential
conduction velocity due to a potential buildup of metabolic byproducts. Furthermore, sEMG
amplitude remained elevated and sEMG frequency remained depressed between sets, indicating
limited recovery between the sets of exercise. Consistent with the lack of recovery between sets
of BFR-75 and BFR-F, there was no significant difference in the total number of repetitions
completed between protocols. Collectively these findings indicated that BFR-75 and BFR-F
were associated with similar acute neuromuscular responses that facilitated comparable muscle
excitation and fatigue regardless of protocol.
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APPENDIX A: FIGURES
Figure 3: Individual Responses for sEMG Amplitude Across the First Set of the BFR-75
Protocol

Figure 4: Individual Responses for sEMG Amplitude Across the First Set of the BFR-F Protocol
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